Jet Physics In | X

SPHERU X

Learning from the LHC
and preparing for the EIC

Jet Physics: from RHIC/LHC to EIC
CFNS Workshop

1 July 2022 Y @profdvp

Dennis V. Perepelitsa | o Coora
(University of Colorado Boulder) @]’ LBJS'L\J/%E}'W o1 Lolorado



SPHENIX science

There are two central goals of measurements planned

at RHIC, as it completes its scientific mission, and at the
LHC: (1) Probe the inner workings of QGP by resolving
its properties at shorter and shorter length scales. The
complementarity of the two facilities is essential to this
goal, as is a state-of-the-art jet detector at RHIC, called
sPHENIX. (2) Map the phase diagram of QCD with
experiments planned at RHIC.

2015 US NP LRP

sPHENIX recognized by the

LONG RANGE PLAN U.S. Nuclear Physics
for NUCLEAR SCIENCE community as the essential tool

for QGP microscopy at RHIC



https://science.osti.gov/-/media/np/nsac/pdf/2015LRP/2015_LRPNS_091815.pdf
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from the sPHENIX Beam Use Proposal 2022

Table 1: Summary of the sSPHENIX Beam Use Proposal for years 2023-2025, as requested in the
S ru n charge. The values correspond to 24 cryo-week scenarios, while those in parentheses correspond to

28 cryo-week scenarios. The 10%-str values correspond to the modest streaming readout upgrade of

I ( 2 O 2 3 2 0 2 5) the tracking detectors. Full details are provided in Chapter 2.
plan -

Year | Species snn | Cryo Physics Rec. Lum. Samp. Lum.
[GeV] | Weeks Weeks z| <10 cm z| <10 cm

Year-1 ~ @ : -
<+ 2023 | Au+Au | 200 | 24(28) 9 (13) 3.7 (5.7)nb~! 4.5 (6.9) nb~!

2024 | p'pt 200 |24 (28) | 12(16) 0.3 (0.4) pb~! [5kHz] | 45(62)pb~!

Commissioning the detector & first 45 (62) pb~1 [10%-str]
Au+Au collisions for physics 2024 | pl+Au | 200 | - 5 0.003pb ! [5kHz] | 011pb~!
(measurements of “standard candles”, 0.01 pb-1 [10%-str]

early sPHENIX physics, etc.)

2025 | Au+Au | 200 | 24(28) | 20.5(24.5) 13 (15) nb~! 21 (25) nb~!

0@ - Year-3 "“<_

Transversely polarized p+p and p+Au

collisions: “Archival” high-luminosity Au+Au run
vacuum baseline & reference for >140 billion fully min-bias Au+Au
Au+Au physics events() recorded to disk

(*) - |z| < 10cm, 28-cryoweek scenarios

spin & “cold QCD” physics in their
own right 5


https://indico.bnl.gov/event/15682/contributions/63109/attachments/40862/68478/sPHENIX_Beam_Use_Proposal_2022.pdf

SPHENIX detector

BaBar Magnet

Calo. Fl

Outer HCal'
Inner HCal !
EMCal

Key sPlI

First run year | 2023

JSvy [GeV] | 200

Trigger Rate [kHz] | 15

Tracking Magnetic Field [T] | 1.4

TPC First active point [cm] | 2.5
INTT Outer radius [cm] | 270
MVTX In| | <1.1

|thx| [cm] | 10

N(AuAu) collisions* | 1.43x1011

*In 3 years of running

ENIX advantages for hard probes at RHIC:

(1) large, hermetic acceptance, (2) huge data rate, (3) hadronic
calorimeter, (4) precision tracking, (5) unbiased triggering






GEANT4 simulation of Au+Au event in sPHENIX
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= Jet, HF, Quarkonia measurements happening in a
large, fluctuating background with huge dynamic
variations event by event!



SsPHENIX Collaboration

More than 360 members from 82 institutions in 14 countries as of 2022

= steady growth since collaboration formation with 40 institutions

= world-class expertise in physics, silicon, TPCs, calorimeter, electronics
computing, ...
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RBRC Workshop - theorists welcome!

RIKEN BNL Research Center

Predictions for.sP

Hosted by Brookhaven National Laboratory
July 20-22, 2022

Home Registration ¥ Agenda Logistics ¥ Join Remotely ContactUs

Motivation

This workshop will be a hybrid event and is not open to the public.

To complete the RHIC mission, sSPHENIX was specifically designed to measure jet and heavy-flavor observables with a level of
precision not previously achievable at RHIC. This will enhance our understanding of the quark-gluon plasma (QGP) properties and

their temperature dependence beyond what is possible with existing and planned data from the LHC and other RHIC experiments.

A major goal of the sPHENIX program is to address the question of the approach to thermalization of the quark-gluon plasma and
its transport properties using hard probes such as jets and heavy flavor. The current three-year run plan includes Au+Au, p+Au and
p+p collisions at 200 GeV. The Au+Au dataset provides a large QGP system to study the QGP properties. The p+Au dataset will
allow for additional studies of the intriguing behavior observed in flow measurements from other RHIC experiments as well as
transport properties of cold QCD matter and proton/nuclear structure. The p+p collisions provide a necessary reference for Au+Au
and p+Au collisions and also allow for additional studies of proton structure. Anticipated measurements include but are not limited
to, jet substructure observables, photon and heavy flavor tagged jets as well as comparisons of the production of the different

upsilon states in all three collision systems.

Important Dates

April 20,2022 General registration opens
June 7, 2022 Registration closes

Additional guest registration
for non-U.S. citizens closes

June 7,2022

Workshop Information

Dates: July 20-22, 2022 [©
Event ID: 0000004154

Workshop Venue
Brookhaven National Laboratory
Upton, NY 11973 USA

] Meeting location and directions

- Join the Event


https://www.bnl.gov/sphenix2022/

Jet physics at sPHENIX

< 1 _2 L | L | L | LA | L | L | L | L
< L |
< - SPHENIX BUP 2022 0-10% Au+Au, Years 1-3 7 Signal Au+Au 0-10% Counts | p+p Counts
1 62 pb™~ samp. p+p ]
- 21 nb” rec. Au+Au .
B or 32 nb'samp. Au+Au Jets pr > 20 GeV 22000000 11 000 000
0.8~ -= directy —
B i Jets pr > 40 GeV 65000 31000
- —— Jet ]
06 o 4 l - Direct Photons pr > 20 GeV 47000 5800
0.4:— A—A—A—A—A—A—A—A—A—A—A—A AA#-H--}-]- —: Direct Photons pr > 30 GeV 2400 290
- | | | | | | | i Table 4.1: Projected counts for jet, direct photon, and charged hadron events above the indicated
OO = '1 0' - '20' - '30' - '40' ' '50' - '60' - '70' - I80 threshold pt from the sSPHENIX proposed 2023-2025 data taking. These estimates correspond to the

28 cryo-week scenarios.

Large luminosity for inclusive Raa measurements (left) and detailed study (right)
= reconstructed jets to ~70 GeV - fate of Raa at very high pt

= charged particles to ~45 GeV - fragmentation functions out to high-z

= direct photons to ~40 GeV - precise check of nuclear geometry
-

high rate & unbiased triggering allows for true p+p baseline!

11
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Jet physics: structure & correlations
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Statistical projections for p+p and 0-10% Au+Au

m [ eft. subjet fraction Zg for >40 GeV jets - very large vyield

for inclusive jet (sub-)structure - full variety of
measurements limited only by our creativity!

= Right: y+jet pt balance mapped in detail (distribution of

energy loss values, not just averages)
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Why do this physics at RHIC,
rather than the LHC?

Two arguments from physics, and
two arguments from kinematics:



SPHENIX advantages: physics

1. Jet evolution closer to QGP medium scales - stronger interplay
of parton shower with QGP degrees of freedom



SPHENIX advantages: physics

1. Jet evolution closer to QGP medium scales - stronger interplay
of parton shower with QGP degrees of freedom

A

50
Jets at LHC: large
between most of their
evolution and medium
10
. - Large fraction of parton shower

is dominated by “QGP medium
length scales” at RHIC




SPHENIX advantages: physics

1. Jet evolution closer to QGP medium scales - stronger interplay
of parton shower with QGP degrees of freedom

2. Closer to QGP transition temperature - a more strongly-coupled,
perfect liquid! (as seen in n/s(1T") extraction)



SPHENIX advantages: physics

1. Jet evolution closer to QGP medium scales - stronger interplay
of parton shower with QGP degrees of freedom

2. Closer to QGP transition temperature - a more strongly-coupled,
perfect liquid! (as seen in n/s(1T") extraction)
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SsPHENIX advantages: kinematics

1. Softer underlying event - easier to measure low-pt jets, medium
response, etc.



SsPHENIX advantages: kinematics

1. Softer underlying event - easier to measure low-pt jets, medium
response, etc.
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SsPHENIX advantages: kinematics

1. Softer underlying event - easier to measure low-pt jets, medium

response, etc.
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ALICE extending
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(Yang et al, PRL 127 (2021) 082301)



SsPHENIX advantages: kinematics

1. Softer underlying event - easier to measure low-pt jets, medium
response, etc.

2. Small phase space for Initial-State and Final-State Radiation
(ISR & FSR) - fewer complicated multi-jet process and more
“back-to-back” topologies
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1. Softer underlying event - easier to measure low-pt jets, medium
response, etc.

2. Small phase space for Initial-State and Final-State Radiation
(ISR & FSR) - fewer complicated multi-jet process and more
“back-to-back” topologies
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in high-muiltiplicity p+p
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SsPHENIX advantages: kinematics

1. Softer underlying event - easier to measure low-pt jets, medium

response, etc.

2. Small phase space for Initial-State and Final-State Radiation
(ISR & FSR) - fewer complicated multi-jet process and more

“back-to-back” topologies

ATLAS, PLB 789 (2019) 167
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Learning from the LHC



ATLAS PLB /19 (2013) 220

1.4

How suppressed |7 e o
are Large-R jetS? 16: + T *ﬁigg :

CMS, JHEP 05 (2021) 284 08 A .
CMS. 0-10% PbPb 404 ub™, pp 27.4 pb” 0o Gev
o LA ATLAS: using fake jet T
e : 500 < p ‘< 1000 GeV t antl kT, hq 1< 2 ]

rejection, energy recovery(?)
- CMS 0-10%

= Hybrid w/ wake ] )
- Hybrid w/o wake ALICE: USIng ML-QUIded
Hybrid w/ pos wake - subtraction, continued narrowing(?)
| 1 — MARTINI I A L LA EL N L R B
0.5 I T []LBT w/ showers only 1.4 ALICE Preliminary, 0-10% Pb-Pb \s,, = 5.02 TeV —

| Ch-particle jets, anti-k-, |/7jet| <0.9-R

LBT w/ med. response
1 I 1 1 1 I 1 1

02 04 06 08 1 02 04 06 08
Jet R

0.6)/R,u(R =0.2)
T T IKl;I

CMS: no cone size Zog 5
dependence at very high pr T 1
0.6 —
0.4 N
0.2 [S]ALICE Data [l JEWEL wio Recoils .
- LIDO Hybrid Model w/ Wake .
i | | 1 1 1| | I | ‘ 1 1 | L1 1 | I | I ]
) 0 20 40 60 80 100 120 140

pT, ch jet (GeV/C)



How suppressed
are Large-R jets?
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SPHENIX 0.6
Projection

0.4

sPHENIX can resolve the tension for large-R jets PjT

A

SPHENIX BUP 2022
0-10% Au+Au, Years 1-3
62 pb' samp. p+p

21 nb ' rec. Au+Au

—m~ SPHENIX R* =0.5
—>- ALICER"™ =0.6

—~ ATLAS R*® =05, R,
- CMS R =06

10°

at low pr, without model dependent methods!
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Do jets feel the shape of the QGP?

jet

Yo
Al I_I T T LI T T 1T 17T | T 1T T T |_
> 012 ATLAS —
0.1 Pb+Pb |s,, =5.02 TeV, 2.2 nb™" —
0.08 anti-k, R=0.2,lyl <1.2
0.06 f_' a + + 20-40%
-y .
0.04:— '} m* o I E
0.02- | £ ® %. =
S B S E
-0.02— —
— [0 20-40% Jet, this result [ ¥ ] 20-30% h*, CMS .
—0.04 [ 7 1 30-40% h*, CMS [ ® ] 30-50% Jet, ALICE 2.76 TeV —]
- | 20-30% Jet, ATLAS 2.76 TeV[ % ] 30-40% Jet, ATLAS 2.76 TeV T
—0.06 | | | | I

50 100 150 200 250 300 350 400
p ft or p [GeV]

Difficult to measure for jets
with pr < 100 GeV at the LHC

ATLAS, PRC 105 (2022) 064903

2.00¢
- ALICE Preliminary
1.75F Pb-Pb \/suw = 5.02 TeV, 30-50%
- 20 < pk' < 40 GeV/c
1.50F anti-kt R = 0.2
pShc, ESvs > 3 GeV
?_E 1.25 ;‘ ple_:ad track ~ 5 GeV/c
R

t

0.50 ' ‘ ¢ Out/in
[ I Correlated unc.

0.25 :‘ Ay < 0.6 B Background
[ Away Side Yield: 27/3 < |Ay| < 47/3 ==== JEWEL No recoils
0.00 b 9 ¢ 9 3§ 9 34 9 ) 4939 ¢4 _§ 9 9 3 (3} 4 3§ 33
3 4 5 6 7 8
P (GeV/c)

ALICE: large, reaction-plane
dependent change in fragmentation(?)
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Do jets feel the shape of the QGP?

-lq—') o 0_2 _I | L | | | | | | | | | | | | | | L I_
> 0.18 SPHENIX BUP 2022 —=- sPHENIX, 10-30% =
0 16:— Years 1-3, Au+Au O ATLAS 5.02 TeV, 10-20% -+
0 14F RES(¥;) =0.50 o ALICE 2.76 TeV, 30-50% -
0.12F -
0.1 -
C O -
0.08:— Q & E
0.06 7 Q Q Q —
- |mm————— + - A n
0.04: A . _E
- | Ll | .
SPHENIX %O 30 40 50 60 70 80 90 100
Projection
(stat only) Jet p_[GeV]

sPHENIX can study the vz 3 for low-pT jets with good control
on event plane (no balancing jets in EP detector)!
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What is the color & mass dependence?

nucl-ex/2204.13530

R AA

_l I LILEL I LI I LI I LILEL I LILEL I LILEL I LI I LI I LILEL I LILEL I 1 |_ b-jet
14— ATLAS 1 @@ LIDO model b-jets —
~  Pb+Pb 2018, 1.4(11 .7) nb’ CIIBIDOtmlodbell Iitght-jets i
- pp 2017, 260 pb’ — Da! e al-. 'JIe S -
1207 anti-k, R=0.2 ets, ly | <2.1 etal indusivelets
B vSNN =5.02 TeV, Centrality 0-20% ]
1= ~
0.8 ]
= = Jet Primary )
061 = Vertex
e — ) - ,\
B @ | b-jets O | inclusive jets - Prompt d
il EPEPEE BT BT PR P P PR P R BT B Tracks O,"
80 100 120 140 160 180 200 220 240 260 280
GeV
p_ [GeV]
ATLAS: fully b-tagged jets, less Je\t |

suppressed than inclusive jets?

but note: pret >80 GeV/(!)
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What is the color & mass dependence?

ATLAS-CONF-2022-019

R AA

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™
nUCl_eX/2204, 13530 | | | | | | | | | | | | |+ | | In | | | lljp | | pI I_
_I | T LI | L | LB | LB | LB | T 1 1 | L | LB | LB | T I_ — ATLAS Prellmlnary SNN = 502 TeV —
1.4 ATLAS @3 LIDO model b-jets — 1 2 T T
- Pb+Pb 2018, 1.4(1.7) nb™ CILIDO model light-jets - + .+.
B pp 2017, 260 pb( )n — Daietal. b-jets i B ¢|
12+ Dai et al. inclusive jets _| —
[ anti-k, R=0.2jets, lyl <2.1 ] 0.8 EEIIIIlIIIIIjzl _|
B VSNN =5.02 TeV, Centrality 0-20% i K3 , ‘
1}8 B L e e e L
- 1 < os| (M=l = . . .
0.8 N ] C : |:D:! o m—
— — L O 1 a
0.6 g 9 ' = 0.4 | o= N
B 8 - B [PLB 790 (2019) 108] 7]
= - B Inc. jet y-jet i
0-4‘_ : o - 0.2 —anti-k, R =0.4 jets —©— 0-10% —m— 0-10% _|
:.l...|...|...|...|....|.b:J(a.tS]...|C.).I.n(|:lljSI.ve.J|et?..|..: :pt>50GeV ln|<237 —4 10-30% :
80 100 120 140 160 180 200 220 240 260 280 B 'n’ |I <228, A<1>(|Y Jjet) >n/2| | | e 3o|- 80% |
p_ [GeV] 0 60 80 100 120 140 160
. . -tagged jet GeV
ATLAS: fully b-tagged jets, less v-tagged jet p, [GeV]
suppressed than ?

ATLAS: photon-tagged jets have
. higher Raa than inclusive jets -

. t [

but note: pr*! >80 GeV() quarks have weaker parton-QGP

. or is this just the color Interaction than gluons
charge difference? 50



What is the color & mass dependence?

:E 1 .2_ I I I | I I I I | I I I I | I I I I I I I I I I I I I I I I |

T - SPHENIX BUP 2022 -

1— b-jet Anti-kT R=0.4, 0-10% Au+Au, Year 1-3 —

. p+p: 62pb” samp., 60% Eff., 40% Pur. i

08 Au+Au: 21nb” rec., 40% Eff., 40% Pur. -

0.6 ¢ + ® ¢ —

0.4 =

- LIDO, arXiv:2008.07622 [nucl-th]

0.2~ pQCD, Phys.Lett. B726 (2013) 251-256 -

g™ =20 _

- gmd =22 | | .
09520 25 30 35 40 45

p. [GeV]

sPHENIX can measure fully b-tagged jets in a pt region
where the large b mass should have an impact!



Small system collectivity & jet modification?

O.4_| T T T | T T T T | T T T T | T T T T | T T T T | T T T T _]
0.35F.  SPHENIX BUP 2022, Years 1-3 E
= p+Au, 50 nb ' trig., Res(¥,)=0.2 .
0'35 —=— SPHENIX Prompt D°, 0-20% .
025 6 cMS D° p+Pb High-Mult =
0.2 O PHENIX uHF, d+Au 0-20% —
0.15} Jf =
0.1 + ' b +<'.> ¢+ v | -
0.05F 4 =
e, L O S 3
_ e | Cl | | 1
O'050 1 2 3 4 5 7
p_[GeV]

Ipr

Streaming readout of sSPHENIX trackers

in p+Au allows for detailed study of
multi-particle cumulants and (above)
heavy flavor collectivity

1.3

1.2F

1.1

0.9

0.8f

32

nucl-ex/2206.01138

- ATLAS
T pp, Vs =5.02 TeV
L p+Pb 0-20%, sy, = 5.02 TeV

A¢Ch’jet < n/8

o
¥ O

- &EEE ANGANTYR, EPPS16 (NLO), p > 60 GeV
- =es: ANGANTYR, EPPS16 (NLO), p > 30 GeV

== ANGANTYR, no nPDF, p* > 60 GeV
| |

pp, 2.7 nb'- 3.6 pb™

A¢ch,jet > 7n/8 7

p+Pb 0-20%, 0.025 - 0.36 nb™*

-
RS

=== Data, p > 60 GeV
T

T == Data, p":t > 30 GeV

20 30 40
S [GeV]

4 567810

4 567810

20 30 40
s [GeV]

ATLAS: jet modifications limits from jet-
hadron correlations in p+Pb

large jet yields & high-efficiency
tracking in SPHENIX!



Preparing for the EIC



p+A: unpolarized physics

Yield / 2.5 GeV

10

1 O % |||||||| | T T T | LI | T T T | T T T | LI | T T T T T T LI |§
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= O ‘E}-D O Direct Photons 3

7 . 2
10 E s O Charged Hadrons E
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Above: large yields for unpolarized p+A measurements

= nuclear PDF modification extending deep into EMC region & cold
nuclear energy loss

= measurements looking towards EIC, using EIC Detector-1
instrumentation

= e.g. hadronization in nuclear medium via jet structure
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Normalized EEC

p+A: unpolarized physics

hep-ph/2201.07800
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N-point energy correlators inside
jets as a way to probe parton —

hadron transition

Corr. Strength (a.u., scaled)
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p+p: polarized physics
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Use sPHENIX capabilities for TSSA of direct photons (left) and
heavy flavor hadrons (right)

= probe gluon dynamics in transversely polarized nucleons through
tri-gluon correlation function

= connected with the poorly constrained gluon Sivers TMD function

= check universality with HF An at the EIC
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Ultra-peripheral collisions

ATLAS, PRC 104 (2021) 014903
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Shi et al., PRD 103 (2021) 054017  Zhao et al, nucl-th/2203.06094

Photo-nuclear collisions - photoproduction limit of nuclear DIS
= opportunity to do some “EIC-like” physics now?
= sPHENIX has large acceptance for a program like this...
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Conclusion

 sSPHENIX is a dedicated jet detector for QGP microscopy, with
unigue, purpose-built capabilities never deployed at RHIC

e Learning from the LHC:
= some significant physics and kinematic advantages at RHIC

= complementary to LHC program, while also breaking new
ground in regions unigue to sPHENIX

e Preparing for EIC:
= dedicated p+Au physics program

= opportunity to start testing analysis strategy, Detector-1
components now

Thank you!
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